SUMMARY To determine whether collagen content may be a determinant of the ultrasonic attenuation and backscatter in myocardium and to identify factors in the measurement of the backscatter coefficient needed for ultrasonic characterization of myocardium in vivo, two series of experiments were conducted. In the first series, the ultrasonic attenuation was measured from 110 regions in 18 dogs studied 2, 4, and 6 weeks after coronary occlusion. The increased slope of the attenuation of regions within zones of infarction correlated closely with regional content of collagen as determined from concentration of hydroxyproline in canine hearts (0.90 in hearts studied at 6 weeks and 0.77 and 0.73 in those studied 4 and 2 weeks after occlusion). In a second series of experiments in which hearts from 21 rabbits were studied from 5 to 7 weeks after coronary occlusion, ultrasonic attenuation, ultrasonic backscatter, and content of collagen within zones of regions of infarction were increased significantly compared to nonischemic regions from the same rabbits (P < 0.001 in each case). To determine whether the increased ultrasonic backscatter depended on the content of intact collagen in regions of infarction, isolated rabbit hearts were perfused with modified Krebs-Henseleit solution and collagenase resulting in a significant reduction of the backscatter coefficient (P < 0.05). Since regional ultrasonic backscatter in the heart appears to be influenced markedly by the regional content of intact collagen, characterization of tissue with reflected ultrasound may permit noninvasive estimation of replacement of myocardium by collagen in vivo facilitating diagnosis and evaluation of the evolution of conditions such as ischemic heart disease and cardiomyopathy. Circ Res 47: 49-58, 1980
CHARACTERIZATION of the composition and physical nature of tissue based on analysis of ultrasonic properties may provide a useful extension of the current medical applications of ultrasound in diagnosis (WeUs, 1977; Linzer, 1976 Linzer, , 1977 Linzer, , 1978 . Ultrasonic properties that may be suitable as parameters for such characterizations include attenuation, absorption, scattering, and velocity. Although the ultrasonic characteristics of several tissues have been described, biochemical, structural, and physical features responsible for these characteristics have not yet been well defined. Theoretical considerations of ultrasonic behavior in tissue have, however, led several investigators to suggest that collagen may be a primary determinant of the attenuation and scattering characteristics of tissue based upon a number of considerations: (1) collagen is present in most tissues, (2) an apparent correspondence exists between ultrasonic attenuation and the content of connective tissue in some tissues, and (3) specific physical characteristics of collagen such as density, elastic moduli and, perhaps, macromolecular structure suggest that collagen content might influence the behavior of ultrasound (O'Brien, 1977; Fields and Dunn, 1973; Grant and Prockop, 1972) .
Attenuation characteristics of normal, acutely ischemic (15 minutes to 24 hours) and necrotic (3 days to 11 weeks after coronary occlusion) myocardium have been reported previously Mimbs et al., 1979) . It is well recognized that increased depositions of collagen and fibrosis are associated with healing in both humans and experimental animals (Frederiksen et al., 1978) . Thus, gradual replacement of myocardium by fibrosis in hearts subjected to coronary occlusion provides a particularly useful system for determining the extent to which specific ultrasonic properties of tissue depend on the regional content of collagen.
In the present study, two series of experiments were performed to examine the role of collagen as a determinant of the attenuation and scattering characteristics of myocardium. In the first series, 110 regions of myocardium from 18 dogs were studied in vitro at three intervals after coronary occlusion: 2 weeks, 4 weeks, and 6 weeks. Quantitative indices of ultrasonic attenuation were obtained based on the measured frequency dependence of the ultrasonic attenuation coefficient characterizing each myocardial region over the range 2 to 10 MHz with techniques previously validated in our labo- VOL. 47, No. 1, JULY 1980 ratory . Results were compared to the measured content of collagen in each region based on measurement of hydroxyproline. A second series of experiments was performed on hearts from 21 rabbits subjected to coronary occlusion to test two hypotheses: (1) that alterations in ultrasonic attenuation and scattering associated with changes in collagen concentration are not species-specific phenomena and (2) that dissolution of intact collagen in regions of infarction and fibrosis with collagenase alters ultrasonic attenuation or scattering or both.
Methods

Animal Preparations
The first series of experiments was performed with hearts from dogs. Myocardial ischemia was produced in adult, mongrel dogs weighing 15-30 kg. After anesthesia with sodium pentobarbital (25 mg/ kg, iv), each dog was intubated, ventilated with a Harvard respirator with room air, and subjected to a left thoracotomy via the 5th interspace. The pericardium was incised and the left anterior descending coronary artery dissected free immediately distal to the first ventricular branch and ligated. With the pericardium left open, the chest was closed conventionally and intrapleural suction maintained for at least 1 hour via a chest tube. Between 2 and 6 weeks after operation, each dog was anesthetized again with sodium pentobarbital (50 mg/kg, iv). The heart was excised rapidly and placed in a 0.9% NaCl solution. Excision and mounting of selected regions of myocardium for ultrasonic analysis was performed as described previously (Miller et al., 1976) . Ultrasonic measurements were initiated within 3 minutes after each dog was killed and completed within 45 minutes for all dogs subjected to coronary occlusion.
In a second series of experiments performed to evaluate the effects of dissolution of collagen with collagenase, rabbit heart preparations were used. Healthy 2-3 kg laboratory rabbits were anesthetized with sodium pentobarbital (40 mg/kg, iv), intubated perorally under direct vision, and ventilated with a Harvard respirator. The thoracic cavity was entered through the left 3rd interspace, the pericardium incised to expose the left ventricle, and the large lateral branch of the left circumflex coronary artery ligated with 4-0 silk. After the heart was observed for 5 minutes to verify the development of hypokinesis and cyanosis distal to the ligature, the thoracic cavity was closed.
After an interval of 5-7 weeks, each rabbit was injected with heparin (500 U, iv) and killed 5 minutes later by quick cervical dislocation. Hearts were excised immediately and suspended on a modified Langendorff perfusion apparatus within less than 1 minute. Each heart was perfused with Krebs-Henseleit buffer equilibrated with 95% O 2 /5% CO 2 through Silastic tubing. After an initial equilibration period of 5 minutes, the perfusate was changed to either 300 ml of Krebs-Henseleit buffer with 1% bovine serum albumin (BSA) (Sigma Chemical Co.) or 300 ml of Krebs-Henseleit buffer with 1% BSA and 0.05% clostridial collagenase type III (Worthington Biochemical). Each perfusion was performed with recirculation of either the buffer alone or the buffer with collagenase until termination of the experiment 30 minutes later. The heart then was removed, blotted dry, and weighed. The right ventricle and atria were excised and the left ventricle opened with sharp dissection extending from base to apex at the intersection of the anterior wall and interventricular septum. The tissue then was mounted on a Plexiglas frame which maintained the tissue in a stable physical configuration and did not intersect the ultrasonic beam. Due to the small size of the rabbit heart, regional ultrasonic and biochemical analysis was restricted to two or three sites within each heart.
Assay of Regional Hydroxyproline
Canine Heart Samples
When ultrasonic studies of each region of canine myocardium had been completed, the sample holder and tissue were removed from the saline bath. A plastic grid, with openings spaced to define the sites analyzed ultrasonically, was placed over the tissue and a tissue biopsy, 1.0 cm in diameter, was obtained from each site. After the wet weight of each sample had been recorded, the tissue was frozen promptly in liquid nitrogen and stored at -20°C. Within 1 week after ultrasonic analysis, the frozen samples were homogenized in distilled water, and the residue dried to constant weight at 100°C. After acid hydrolysis and filtration, hydroxyproline concentration in the supernatant fraction was determined as follows, based upon the method described by Kivirikko, Laitinen, and Prockop (Kivirikko et al., 1967; O'Donnell et al., 1978a; O'Donnell et al., 1979) . After neutralization of the hydrolysate, hydroxyproline was oxidized to pyrrole with chloramine-T. Oxidation was terminated with sodium thiosulfate, and the pyrrole was extracted with toluene. Ehrlich's solution was added and hydroxyproline content calculated based on absorbance at 560 nm calibrated with standards. Total content of collagen (intact and partially degraded) was calculated from the measured hydroxyproline concentration (Neuman and Logan, 1950; Oken and Boucek, 1957) . Results were expressed as the percentage of collagen per unit of (original) wet weight of the tissue unless otherwise noted.
Rabbit Heart Samples
In experiments performed with perfused hearts from rabbits, the myocardial samples were treated somewhat differently. After homogenization, the tissue was dialyzed in a 10-cm length of 25-mm wide Spectropor 2 dialysis tubing (pore size molecular weight of 12,000-14,000) (Fischer Scientific Products) to eliminate products of degradation of small molecular weight which were potentially rich in hydroxyproline. Dialysis was performed against a 0.5 M acetic acid bath for 24-36 hours, followed by distilled water for 8-12 hours. The tissue sample then was processed in the same manner as the canine samples.
Ultrasonic Methods and Data Analysis
Canine Hearts
For experiments with canine myocardium, the instrumentation was similar to that described previously Mimbs et al., 1979) . The instrumentation employed for measurement of both the ultrasonic backscatter by reflection and the ultrasonic attenuation by transmission is depicted in Figure 1 . Broadband (2-11 MHz) pulses were transmitted through the tissue and detected with the use of a pair of identical focused piezoelectric transducers (1.3-cm diameter, 5-cm focal length, 5 MHz nominal center frequency). Focused transducers were used to minimize errors associated with phase cancellation effects encountered previously (Miller et al., 1976; Busse et al., 1977) . The ultrasonic pulse detected at the receiving transducer was subjected to Fourier analysis with the use of an analog spectrum analyzer with subsequent digital processing. Attenuation was quantified by use of a substitution technique by which the signal loss resulting from the transmission through a known thickness of tissue was compared to the signal loss resulting from the transmission through the same thickness of saline. Although data were recorded and analyzed over the frequency range of 2-10 MHz, parameters derived from the attenuation coefficient vs. frequency curve were calculated over the range 4-9 MHz because the ratio of the signal loss to signal noise was largest and most consistent in this range.
To compare the content of collagen to ultrasonic parameters quantitatively in the present study, two ultrasonic indexes based on the frequency dependence of the attenuation were used. The first was the slope of a least squares line fit to the attenuation coefficient-frequency relation over the frequency range 4-9 MHz. This index overcomes several intrinsic difficulties associated with the use of a substitution technique, such as losses due to impedance discontinuities. To take into account variability due to biological variations among animals, a second index, designated the fractional slope difference (AS/S) was used also. This index was defined as the fractional (or percentage) difference between the slope of the attenuation at a particular selected site and the mean slope derived from data from all normal sites from the same heart. Thus, a value of AS/S greater or less than zero corresponded to a region of increased or decreased attenuation compared to that in normal regions from the same heart.
Rabbit Hearts
For experiments performed with rabbit hearts, modifications in the system for ultrasonic measurement were employed to permit simultaneous monitoring of both the attenuation coefficient and the backscatter coefficient. In these experiments, ultrasonic pulses were generated by a broadband focused piezoelectric transducer (1.3-cm diameter, 5-cm focal distance, 5-MHz nominal center frequency). In a pilot study of the attenuation using an identical focused piezoelectric receiver, measurements were found to be compromised severely by artifacts due to phase cancellation effects which were intensified because of the thinness of rabbit mural myocardium. We previously developed a new type of transducer, an acoustoelectric receiving transducer, to overcome difficulties of this type, and have found that phase cancellation artifacts can be eliminated with its use (Busse et al., 1977) . In this study, an acoustoelectric transducer, 0.75 cm in diameter, was constructed to facilitate accurate and reliable measurement of the attenuation coefficient in rabbit myocardium. The acoustoelectric receiver was used to detect pulses that were transmitted through the tissue, and the attenuation was quantified using a substitution technique similar to that used in studies of canine hearts. Thus, all measurements of attenuation of rabbit myocardium reported in the present study were obtained with the use of an acoustoelectric receiving transducer.
The ultrasonic backscatter coefficient (rj) was measured using a generalized substitution technique proposed by Sigelmann and Reid and adapted to permit broadband measurements (Sigelmann and Reid, 1973; O'Donnell et al., 1978b) . Backscattered ultrasonic pulses (i.e., echoes) from a segment of myocardium were detected by the same piezoelectric transducer which generated the interrogating pulse. The detected signal was amplified and gated with a 4-/i,sec gate to eliminate any echoes from specular reflections at the surfaces of the tissue. The Fourier transform of the gated signal then was obtained using an analog spectrum analyzer. The output of the spectrum analyzer was integrated to obtain a signal proportional to the total ultrasonic amplitude scattered from the volume of tissue determined by the width of the beam and the duration of the gate. Under control of the microprocessor-based digital system, the spectrum analyzer was swept through frequency and a digital representation of the spectrum was stored on magnetic tape for subsequent processing.
Because of the use of conventional piezoelectric detection for measurements of the backscatter coefficient (as opposed to use of the acoustoelectric receiver for the attenuation measurements), measurement of the backscatter coefficient at a given, individual site may be compromised by phase cancellation effects. However, phase cancellation effects encountered in backscatter measurements were sufficiently random so that artifacts arising from phase cancellation were reduced substantially by averaging the results of 10 measurements from neighboring positions within a selected 1.0-diameter region of the tissue. This averaging procedure minimized the effects of phase cancellation artifacts on values used for analysis since it provided estimates of average scattering properties from regions of interest, 1.0 cm in diameter, rather than more variable, individual values (O'Donnell et al., 1978b) . The results of backscatter measurements were expressed as the ratio in decibels (dB) of the intensity of the backscattered signal from the myocardial sample to the intensity of the reflected signal obtained from a flat stainless steel plate (i.e., an approximately perfect reflector). Although measurements of the backscatter coefficient were obtained over the frequency range of 2-10 MHz, only the results of measurements of the backscatter coefficient at the frequency of 2.25 MHz, often used in clinical studies, are presented in this report.
Results
Canine Hearts
Figure 2 depicts the concentration of collagen, expressed as the percentage of wet weight of the tissue and calculated from the content of hydroxyproline, for all regions of the canine hearts studied at each interval (2, 4, and 6 weeks) after coronary occlusion. This approach provides an estimate of total collagen, i.e., intact and partially fragmented constituents, since both contain hydroxyproline. Two features of the data are: (1) in a large number 
FIGURE 2 Concentration of collagen (expressed as percentage of wet weight of tissue) determined from all ischemic and nonischemic regions of canine myocardium from hearts studied at three intervals after coronary occlusion: 2 weeks (bottom panel), 4 weeks (middle panel), and 6 weeks (top panel).
of regions the concentration of collagen is 0.40% to 1.00% of wet weight, corresponding to the range found in normal myocardium and (2) content of collagen is variable among the remaining regions in the zone of infarction. It should be recognized that tissue within an overall zone of infarction is heterogeneous (Frederiksen et al., 1978) . Thus, any given sample will contain a given fraction of viable myocardial cells, necrotic cells, adipose tissue, fibrous tissue, inflammatory cells, and vascular and other elements. Variation in the fractional contributions of these constituents from sample to sample may be marked. For tissue studied 6 weeks after occlusion, the concentration of collagen of regions from the zone of infarction ranged from 1.5% to 9.2% wet weight, averaging 5.0%. In hearts subjected to occlusion persisting for 4 weeks, the concentration of collagen in regions from the zone of infarction ranged from 1.2% to 6.5% of wet weight, averaging 4.3%. However, in tissue studied 2 weeks after occlusion, values were lower with a range of 2.0% to 5.3% of wet weight and an average of 2.9%.
To characterize the relationship between the concentration of collagen in a sample and ultrasonic attenuation of the corresponding tissue, data were segregated into three subgroups, each representing samples with a defined range of collagen concentration. The average attenuation is illustrated (top panel, Fig. 3 ) as a function of frequency for the three subgroups for all data obtained 6 weeks after occlusion: (1) group 1 sites are regions from nonischemic zones, with the concentration of collagen found to be less than 1.0% of wet weight, (2) group 2 regions are within the zone of infarction with the concentration of collagen found to range from 1.0% to 5.5% of wet weight, and (3) group 3 regions are within the zone of infarction with concentration of collagen found to exceed 5.5% of wet weight.
As illustrated in Figure 3 , the attenuation in group 3 sites is significantly increased (P < 0.05) compared to that in nonischemic sites (group 1) for all frequencies greater than 4 MHz. A similar relationship between groups 2 and 3 is apparent for frequencies greater than 5 MHz. In addition, the attenuation of group 2 sites is significantly increased (P < 0.05) compared to that of nonischemic sites (group 1) for all frequencies greater than 6 MHz. In the lower panel of Figure 2 , the slope derived from the average attenuation-frequency curves is presented for each of the three subgroups analyzed at 6 weeks. The slope index for both group 2 and group 3 sites is significantly increased compared to that for group 1 sites (P < 0.01 and P < 0.001, respectively). To facilitate comparison of data from hearts of all dogs studied, the average values for attenuation at the frequencies 2.25, 5, and 10 MHz and the slopes of the attenuation-frequency relation over the frequency range of 4-9 MHz are presented in Table 1 for the three groups of sites from dogs studied 2,4, and 6 weeks after occlusion. Significant differences are noted by asterisks. - 2 70 6 Weeks After Occlusion 
TABLE 1 Average Ultrasonic Attenuation in Dog Myocardium at Several Concentrations of Collagen
Description
Six weeks after occlusion Collagen < 1.0% (normal) 1.0% < collagen < 5.5% Collagen > 5.5%
Four weeks after occlusion Collagen < 1.0% (normal) 1.0% < collagen < 5.5% Collagen > 5.5%
Two weeks after occlusion Collagen < 1.0% (normal) 1.0% < collagen < 5.5% 
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FIGURE 4 77ie correlation between the ultrasonic index of attenuation (expressed as the fractional slope difference, AS/Sj and concentration of collagen (expressed as percent of wet weight of tissue) for all canine myocardial regions studied 2, 4, and 6 weeks after coronary occlusion. The fractional slope difference (&S/S) represents the fractional difference between the slope of the attenuation at a particular site compared to the average slope for all nonischemic site from the same heart and is therefore expressed as a percentage.
trasonic attenuation and the concentration of collagen from all canine hearts studied. The range of concentration of collagen corresponds to that shown in Figure 2 . The index of ultrasonic attenuation is the fractional slope difference (AS/S), which represents the fractional difference between the slope of the attenuation at a particular site compared to the average slope for all nonischemic sites from the same heart. The correlation coefficient for the regression line relating the regional ultrasonic index (AS/S) to regional concentration of collagen for all hearts studied 6 weeks after coronary occlusion is 0.90. Corresponding values of correlation coefficients of 0.77 and 0.73 were obtained from hearts studied 4 and 2 weeks after occlusion (Fig. 4) . Because of temporal variation in the evolution of infarction, the heterogeneity of any given zone will be greater early in the evolution of infarction when replacement of injured myocardium with connective tissue (scar formation) is not yet complete. Accordingly, it is not surprising that variation between ultrasonic indexes characterizing heterogeneous samples of tissue and any given biochemical constituent will be more marked in the less complete zones of infarction encountered after more brief intervals of coronary occlusion. Thus, if ultrasonic parameters are influenced strongly by the regional content of collagen, correlations between those parameters and content of hydroxyproline would be expected to be closer in zones of infarction at 6 weeks compared to 2 weeks (r = 0.73) or 4 weeks (r = 0.77) after coronary occlusion.
Rabbit Hearts
The results of measurements of ultrasonic attenuation and backscatter and the content of collagen in hearts from five rabbits studied 5-7 weeks after coronary occlusion are presented in Figure 5 . The ultrasonic backscatter coefficient (TJ) at 2.25 MHz for nonischemic rabbit myocardium is -58.0 ± 2.4 (mean ± SE) dB. In contrast, the backscatter coefficient for regions of infarct is -38.8 ± 2.2 dB, representing a significant increase (nearly 10-fold in amplitude) (P < 0.001) compared to that in nonischemic regions. In addition, the index of attenuation (AS/S) in regions within the zone of infarction (AS/ S = 0.70 ± 0.09) is significantly increased (P < 0.001) compared to that found in nonischemic myocardium (cf. Methods). As illustrated in Figure 5 , the average content of collagen in regions from the zone of infarction is 3.58 ± 0.42% of wet weight, which also represents a significant increase (over 6-fold) (P < 0.001) compared to the collagen content in zones from nonischemic regions (0.54 ± 0.03% of wet weight). Thus, significant increases in both the ultrasonic attenuation and scattering are evident in regions from the zone of infarction in rabbit hearts associated with increases in the content of collagen in the same regions. Data illustrated in the upper panel of Figure 5 are presented in the conventional format of a logarithmic scale expressed relative to the backscatter from a perfect reflector. Since presumably collagen content is not the only factor influencing attenuation and backscatter in selected regions of the heart, a hypothetical proportionality constant relating the change in values of ultrasonic parameters to changes in collagen content would not be expected to be unity. The data are displayed in this format to indicate the association and parallel directional changes, not to imply a one-to-one correspondence in percentage changes in the ultrasonic parameter values and tissue content of collagen.
To evaluate the possibility that ultrasonic properties in selected regions of the heart depend strongly on regional content of collagen, experiments were performed with hearts containing regions with augmented content of the collagen before and after the collagen was fragmented enzymatically. For this purpose, normal hearts were not used 
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FIGURE 5 Results of the ultrasonic measurements of attenuation and backscatter compared to concentration of collagen in both normal and ischemic regions from hearts of five rabbits studied 5-7 weeks after coronary occlusion. In the upper panel, ultrasonic backscatter (•q) is expressed in decibels (dB) (mean ± SE). In the middle panel, ultrasonic attenuation (bS/S) is expressed as a percentage (mean ± SE). In the lower panel, concentration of collagen is expressed in percent of wet weight of tissue (mean ± SE).
because the content of collagen was so low that detection of changes in collagen-dependent ultrasonic parameters or content of collagen itself would be obscured by the relatively large percentage errors on measurement of low absolute values anticipated. Ultrasonic and biochemical measurements were performed on "buffer-perfused" rabbit hearts previously subjected to coronary occlusion in vivo.
The term "buffer-perfused" tissue refers to tissue samples taken from hearts perfused with KrebsHenseleit buffer and 1% bovine serum albumin. The term "collagenase-perfused" tissue refers to tissue samples taken from hearts perfused with KrebsHenseleit buffer, 1% bovine serum albumin, and 0.05% clostridial collagenase type III.
Figure 6 depicts ultrasonic and biochemical characteristics of buffer-perfused and collagenase-perfused tissue. The results illustrated in the two lower panels indicate that neither the concentration of hydroxyproline nor the ultrasonic attenuation changed significantly in regions of myocardium perfused with collagenase. In contrast, the 2.25-MHz ultrasonic backscatter in regions from zones of infarction of collagenase-perfused hearts was -45.1 ±1.2 dB, a value significantly lower (P < 0.05) than the backscatter (-39.2 ± 1.2 dB) in corresponding buffer-perfused tissue. Thus, perfusion with collagenase decreased ultrasonic backscatter by a factor of approximately two in regions from zones of infarction but did not alter attenuation.
It is not surprising that the content of hydroxyproline did not diminish significantly despite per- 
backscatter (x\) is expressed in dB (mean ± SE). In the middle panel, ultrasonic attenuation (&S/S) is expressed as a percentage (mean± SE). In the lower panel, concentration of hydroxyproline is expressed as the percent of wet weight of tissue (mean ± SE).
fusion with collagenase. The enzyme clearly modifies the structure of collagen based not only on extensive experience by others with analogous preparations but also on the obvious loss of firmness exhibited by the hearts assessed in this study (Seifter and Harper, 1970) . Although prolongation of the perfusion presumably would have resulted in essentially total degradation of collagen and hence more complete removal of hydroxyproline-rich peptide fragments, this proved technically not feasible because such marked softening of the hearts technically precluded mounting of the hearts for ultrasonic measurements. On the other hand, under the conditions of our experiments, hydroxyproline content is no longer an accurate reflection of the regional content of intact collagen, since its presence represents the sum of intact and fragmented collagen and peptide products.
These considerations are useful in interpreting the ultrasonic data. Since backscatter decreases markedly in collagenase-perfused tissue, intact collagen appears to be an important determinant of this property. Since attenuation did not decrease despite perfusion with collagenase, even though attenuation has been correlated with tissue content of collagen previously, intact plus fragmented collagen combined may be an important determinant of this property rather than intact collagen alone.
Discussion
In principle, evaluation of physical properties of tissue with ultrasound should provide information regarding those biological and physiological characteristics of the tissue largely responsible for its acoustic properties (Wells, 1977; Linzer, 1976 Linzer, , 1977 Linzer, , 1978 . However, the biochemical determinants of ultrasonic properties such as attenuation and scattering have not yet been elucidated. The present results from studies of canine myocardium demonstrate quantitative relationships between a biochemical index of fibrosis, the content of collagen in regions from zones of infarction, and altered ultrasonic attenuation in the same regions. The nearly constant and low concentration of collagen in nonischemic canine myocardium (averaging 0.7% ± 0.1% of wet weight) observed in the present study is compatible with previous observations (Frederiksen et al., 1978) . The correlation between ultrasonic attenuation and collagen content is close in sites studied 6 weeks afer occlusion (r = 0.90), but less close among sites studied 4 and 2 weeks after occlusion (r = 0.77 and r = 0.73, respectively) as would be anticipated, based on more marked tissue heterogeneity at these intervals.
The close correlation in regions studied 6 weeks after occlusion is probably a reflection not only of the more homogeneous character of regions of infarction and fibrosis late in the evolution of an infarct, but also of the diminished effects of experimental errors inherent to measurements of both attenuation and collagen in tissues studied late after coronary occlusion. Experimental errors arising from phase cancellation effects may play a significant role in reducing correlation coefficients in sites studied 2 and 4 weeks after occlusion. The magnitude of errors in the ultrasonic measurements can be estimated by noting the variance in the fractional slope difference for all normal sites (i.e., sites with collagen concentration less than 1% of wet weight) in Figure 4 . In tissue studied 2 and 4 weeks after occlusion, the average concentration of collagen is significantly lower than the average in sites studied 6 weeks after occlusion. Similarly, the average values of attenuation in regions from zones of infarction is lower in tissue analyzed 2 and 4 weeks after occlusion than in tissue analyzed after occlusion for 6 weeks. Consequently, experimental errors are likely to be fractionally larger in analyses of hearts studied 2 weeks and 4 weeks after coronary occlusion.
The observed correlations between ultrasonic and biochemical indexes suggest that increased content of collagen may contribute to the increased attenuation. A direct relationship between the increased attenuation in regions within zones of infarction and the concentration of collagen is implicated also by the form of the regressions illustrated in Figure 4 . The linear regression fits between the fractional slope difference (AS/S) of attenuation and the concentration of collagen (Fig. 4) are nearly identical for tissue studied 2, 4, and 6 weeks after coronary occlusion. This similarity suggests that the attenuation in regions of myocardial infarction is related directly to content of collagen and is relatively independent of the duration of preceding ischemia. Thus, collagen appears to be one of the primary determinants of the increased attenuation of ultrasound in regions of the heart subjected to prolonged ischemia.
The experiments with collagenase were performed to assess experimentally the role of collagen as a determinant of ultrasonic properties of regions of the heart. The results of ultrasonic measurements of five fresh rabbit hearts indicate that significant increases in both attenuation and backscatter associated with increases in collagen concentration are not a species-specific phenomenon (Fig.  5) . The effect of collagenase on the ultrasonic properties of regions of myocardial infarction was investigated with the use of a perfused rabbit heart preparation. Perfusion with collagenase resulted in grossly apparent loss of structural integrity within 30 minutes. However, the total amount of intact collagen plus fragmented peptides from partial hydrolysis of collagen in regions within the zone of infarction estimated on the basis of concentration of hydroxyproline was not altered significantly by collagenase perfusion. This result indicates that the breakdown products of digestion of collagen were not sufficiently small to be removed by dialysis.
Ultrasonic measurements indicate that attenuation in the same regions was not significantly altered. In contrast, the results illustrated in Figure 6 indicate that the ultrasonic backscatter was significantly decreased. Thus, ultrasonic attenuation in selected regions of the heart appears to be related to the total (intact plus partially digested collagen) content of hydroxyproline-rich peptides and protein, but relatively independent of the ratio of intact collagen to partially degraded collagen. However, ultrasonic backscatter appears to be quite sensitively dependent on the concentration of intact collagen.
Theoretical considerations implicating collagen as a primary determinant of alterations in the ultrasonic properties of tissue (such as attenuation and scattering) have been suggested by several investigators (O'Brien, 1977; Fields and Dunn, 1973) . Fields and Dunn (1973) emphasized that ultrasonic reflectivity, a parameter related to impedance differences at tissue interfaces, appeared to be a function of both the orientation and the relative amount of collagen in the tissue. O'Brien (1977) has tabulated attenuation and velocity measurements in a number of tissues studied in several laboratories and compared the values to values of content of collagen available from standard references. In the present study, the results of measurements of attenuation, scattering, and collagen concentration within zones of myocardial infarction provide direct experimental evidence implicating content of collagen as an important determinant of both attenuation and scattering.
Although the concentration of collagen in nonischemic regions of the heart is low and nearly constant, concentrations in zones subjected to prolonged ischemia are increased and variable. Blumgart et al. (1940) noted concentrations of collagen comparable to those in normal hearts in 4 of 15 hearts studied late after clinical evidence of myocardial infarction. Results in the present study indicate progressive deposition in regions of infarction in the canine heart. As shown in Figure 2 , progressive deposition of collagen occurs in the central regions of the ischemic zone for at least 6 weeks after coronary occlusion in the dog.
Results obtained in the present studies performed in vitro in tissue from experimental animals may help to explain some confusing findings in clinical ultrasonic studies of the heart. A previous report has noted increased echocardiographic density over a region of presumed myocardial necrosis after clinical evidence of infarction (Rasmussen et al., 1978) . The increased 2.25-MHz backscatter observed in the present study associated with increased concentration of collagen in rabbit hearts may account for the phenomenon. Increased density in echocardiograms from patients with other types of pathology, such as idiopathic hypertrophic subaortic stenosis, may be elucidated by analyses of regional content of collagen in the diseased human heart as well as in analogous preparations from experimental animals (Martin et al., 1979 ). An additional consideration of potential clinical importance is the relevance of two different approaches to ultrasonic characterization. The present studies document the use of two such approaches to ultrasonic characterization of myocardium-measurement of attenuation and measurement of backscatter. Measurement of backscatter provides an inherently more direct approach in that reflected rather than transmitted ultrasound is used. However, an appreciation of subcellular determinants of ultrasonic myocardial properties may depend also upon accurate measurement of the ultrasonic attenuation. In addition, a quantitative measurement of backscatter in vivo may require the capability of an estimate of the attenuation of tissue interlocal between the transducer and myocardial regions of interest. Thus, a system capable of measurement of backscatter and an estimate of ultrasonic attenuation would provide a comprehensive approach for characterization of tissue properties.
Results of the present study indicate that collagen concentration, as indicated by quantitative hydroxyproline content, shows a close correlation with quantitative ultrasonic indexes of attenuation and offers an explanation for the mechanism of increased attenuation found in regions of myocardial infarction. Further, the deposition of collagen in the central dense regions of fibrosis associated with myocardial infarction results in significantly increased ultrasonic backscatter. This result appears to provide an explanation for the increased echocardiographic density found in regions of the human heart with myocardial infarction. Measurements obtained from perfused rabbit hearts indicate that the attenuation is related to the total concentration of collagen and fragments of collagen, whereas the backscatter appears sensitive to the presence of specifically intact collagen. Consequently, clinical characterization of the distribution and extent of deposition of collagen within the heart may be attainable by quantitative measurements of ultrasonic backscatter with the use of reflected ultrasound in humans.
